In the early 1930s, the positron, pair production, and, at last, positron annihilation were discovered. Over the years, several scientists have been credited with the discovery of the annihilation radiation. Commonly, Thibaud and Joliot have received credit for the discovery of positron annihilation. A conversation between Werner Heisenberg and Theodor Heiting prompted me to examine relevant publications, when these were submitted and published, and how experimental results were interpreted in the relevant articles. I argue that it was Theodor Heitingusually not mentioned at all in relevant publications-who discovered positron annihilation, and that he should receive proper credit. * tdu at justervesenet dot no arXiv:1809.04815v1 [physics.hist-ph] 13 Sep 2018 2
I. INTRODUCTION
There is no doubt that the positron was discovered by Carl D. Anderson (e.g. Anderson, 1932; Hanson, 1961; Leone and Robotti, 2012) , after its theoretical prediction by Paul A. M. Dirac (Dirac, 1928 (Dirac, , 1931 .
Further, it is undoubted that Patrick M. S. Blackett and Giovanni P. S. Occhialini discovered pair production by taking photographs of electrons and positrons created from cosmic rays in a Wilson cloud chamber . The answer to the question who experimentally discovered the reverse process-positron annihilation-has been less clear. Usually, Frédéric Joliot and Jean Thibaud receive credit for its discovery (e.g., Roqué, 1997, p. 110) . Several of their contemporaries were enganged in similar research. In a conversation with Werner Heisenberg Heiting and Heisenberg (1952) , Theodor Heiting (see Appendix IV for a rudimentary biography) claimed that it was he who discovered positron annihilation.
To assess whether this claim has any merit, and find out who discovered positron annihilation, I investigated the literature on positron annihilation from the early 1930s. To be able to answer who should be credited for the discovery, it is also necessary to evaluate the interpretation of the experimental results in the publications. Before giving an overview of the relevant publications and assessing the physical interpretations, I will very briefly sketch a few concepts relevant to positron annihilation.
II. THE POSITRON, PAIR PRODUCTION, AND POSITRON ANNIHILATION
A. Theoretical prediction and experimental discovery of the positron In his work "The quantum theory of the electron", Dirac postulated the existence of vacant negative energy states regarding free electrons (Dirac, 1928, Eq. (9) ). In a slightly altered form, that equation reads:
where p r = −ih ∂ ∂xr and E = ih ∂ ∂t . It has become known as the "Dirac equation". As Dirac has outlined in his speech when receiving the Nobel Prize in Physics in 1933 (Dirac, 1933) , this equation can be satisfied either by particles of energy E > mc 2 , or by particles of energy E < −mc 2 . Such states of negative energy for the electrons rather correspond to particles with a positive elementary charge, the positive electron, or positron. Dirac interpreted unoccupied negative energy states as "holes", which were short of negative energy, and therefore had positive energy. His theory (for a review, see e.g. Hill and Landshoff, 1938, especially § 23) is therefore often called "hole theory". These "holes" could then be filled by ordinary electrons from higher shells, releasing energy as radiation-that is, positron annihilation. Dirac also mentioned the opposite process as a possibility (Dirac, 1928) : transforming electromagnetic radiation into an electron and a positron, that is, pair production 1 . Dirac was well aware that protons were far too heavy to be in agreement with his theory (Dirac, 1930) , but these were at the time the only known positively charged particles.
Not very long after the postulation of Dirac, Anderson (1932) reported on the existence of "positives", which were "comparable in mass and magnitude of charge" to electrons. His conclusions were based on observations with photographic plates. Carl D. Anderson observed tracks of positively charged electrons in a Wilson cloud chamber (Anderson, 1932) , a discovery that confirmed Dirac's theoretical postulation.
Protons could be ruled out from mass and energy considerations (Anderson, 1933b) . The new positively charged particle came to be known as a positron.
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Two processes in which a positron is involved, are pair production and positron annihilation, which processes are fascinating example of the transformation of light into matter and vice versa, respectively.
B. Pair production
In pair production, electromagnetic radiation is transformed into matter, namely an electron-positron pair. As Oppenheimer and Plesset (1933) have shown, if a photon has an energy of at least twice the rest mass of an electron E = 1.022 MeV, pair production becomes possible:
Twice the rest mass of an electron is needed, because a positron has the same rest mass as an electron. The pair production cross-section is
with the element's atomic number Z in which pair production takes place, and the electron radius r = e 2 4πε 0 mc 2 −1 . The factor α ≈ 137 −1 is the probability of the transition from photon to electron-positron pair, i.e. the fine structure constant.
The creation of electron and positron pairs has first been observed by Blackett and Occhialini (1933) in a Wilson cloud chamber. Shortly after, Chadwick et al. (1933) argued that the positrons are most likely not created in the nucleus itself, but in the "electric field outside the nucleus" (that is, in the electron shells).
C. Positron annihilation
The reverse process of pair production is called positron annihilation. This process has also been predicted by Dirac's hole theory (Dirac, 1928) , although positron had not been discovered yet, thus Dirac spoke of "protons" and acknowledged the problem of a large difference in mass between electron and proton (Dirac, 1930, p. 361 yo 362) . When a positron combines with an electron, two γ-rays are emitted:
Although the probability of annihilation was deemed low (Fermi and Uhlenbeck, 1933 ) from a theoretical point of view, this process of annihilation does in fact occur. Before it occurs, a positron and an electron may form a positronium atom: This is a hydrogen-like atom, but with a positron instead of a proton (Deutsch, 1951) . The singlet state of the positronium atom, so-called parapositronium, decays by emitting two photons of equal energy 3 Parapositronium number has a lifetime of ∼ 142 × 10 −9 s in vacuum (Al-Ramadhan and Gidley, 1994).
The emitted γ-rays have energies of 511 keV each, corresponding to the electron rest mass, and are emitted in opposite direction to each other. These two quanta are also polarized perpendicularly to each other. In many of the early articles, especially in the 1930s, the wavelength that corresponded to the quantum's kinetic energy was commonly expressed in the "X-unit/xu", or "X.E." for "Röntgeneinheit" in German, or "UX/unité x" in French. Bearden (1965) has determined the wavelength conversion factor Λ to be Λ = (1.002 076 ± 0.000 005) × 10 −13 m xu −1 .
For some of the articles cited below, I use this conversion factor to transform the outdated units to today's SI units.
III. WHO DISCOVERED POSITRON ANNIHILATION?
In the early 1930s, many different scientists in France, Germany, and Great Britain worked on the interaction of hard γ-rays and different metal absorbers. Results were, accordingly, published in English, French, and German. Nomenclature was not yet well-developed, because both the underlying theory (Dirac, 1928) and many experimental effects were quite new and sometimes uncertain, or at least subject to interpretation.
It was a very vibrant field and publications arrived at the scientific journals in very short intervals, and, occasionally, different scientists published their results in the same issue of a journal. In the following, I
take the Nobel Prize in Physics in 1948 as a starting point. I try to answer the question who first discovered the annihilation radiation. Table I gives an overview over relevant publications, when these were submitted and when these were finally published.
In his presentation speech of the Nobel Prize in Physics in 1948, which was awarded to P. M. S. Blackett, G. Ising of the Nobel Committee for Physics said the following (Ising, 1964, p. 95 Thibaud (1933) and Joliot (1933) .
In December 1933, Joliot published his results on positron annihilation (Joliot, 1933) . Five months later, he submitted a more detailed version of those experimental results, which were published in July 1934 (Joliot, 1934a) . Thibaud (1933 Thibaud ( , p. 1631 .") claimed to have published the first experimental proof positron annihilation radiation. Shortly after, Gentner (1934b) mentioned that the experimental proof for positron annihilation, i.e. the detection of a ∼ 500 keV radiation component, was achieved simultaneously by Joliot (1933) and Thibaud (1933) . Joliot (1933) and Thibaud (1933) (Joliot, 1933) , stating that 86 % of Joliot's results obtained with a Geiger-Müller counter were due to "parasitic effects", while his own method (film exposure) was exempt from such contamination (see also
Heiting was convinced that the hard compenent, observed solely with Pb, was not due to positron-electron recombination, but due to a different process.
Thus, it turns out, there is no evidence in Heiting's articles for any reversed interpretation or downplaying of importance of hard γ-rays, as claimed by Roqué (1997) . The harder component was attributed to a process different from positron annihilation.
IV. CONCLUSION
Theodor Heiting should receive credit for the experimental discovery of positron annihilation radiation. Heiting submitted his first results on 7 August 1933, and these were published shortly after (Heiting, 1933a) . The interpretation of those results followed in a publication submitted on 28 September 1933 (Heiting, 1933b , where he attributed the secondary radiation to positron annihilation-recombination radiation, 9 Chao was a guest in Hoffmann's laboratory in Halle an der Saale in 1931, while Heiting was a student with Gerhard as Heiting put it at the time. His final publication on the topic was received by the Zeitschrift für Physik on 2 November 1933, which contained a more detailed description of the method and comprehensive experimental results (Heiting, 1934) . The interpretation of his results remained the same. Heiting's remark that he was the first to experimentally discover positron annihilation radiation (Heiting and Heisenberg, 1952) seems justified. Joliot (1933) , Thibaud (1933) , and Klemperer (1934) 
